Abstract-A wireless vibratory strain sensing system, which consists of a passive wireless sensor and a dynamic wireless interrogator, is presented in this paper. The wireless sensor utilizes a microstrip patch antenna as the strain sensing element since its resonant frequency is a function of the tensile strain it experiences. A dynamic wireless interrogator that is based on the principle of frequency modulated continuous wave radar and permits real-time monitoring of the antenna resonant frequency was designed and validated. The principle of operation of the dynamic wireless sensing system was first described, followed by the description of the design and implementation of the antennasensor node as well as the wireless interrogator. After calibrating the antenna-sensor response using static tensile tests, vibratory tensile tests were carried out by subjecting the test specimen to sinusoidal tensile loading at different frequencies. Antenna strain sensing accuracy was evaluated by comparing the strain readings from the antenna-sensor and the reference foil strain gauge. It reveals that the antenna-based strain sensing system has good dynamic strain tracking ability.
I. INTRODUCTION

E
XCESSIVE vibrations generate fluctuating stresses that can lead to fatigue failure, which could be detrimental to many dynamic systems. Therefore, continuous vibratory stress/strain monitoring is a critical element in Structure Health Monitoring (SHM) applications. Various vibratory strain sensors have been developed over the years including Fiber Bragg Grating (FBG) and piezoresistive sensors. FBG is widely used for vibratory strain sensing because of its compact size, high temperature tolerance and geometric versatility [1] - [4] . The strain imposed on a FBG sensor is measured from the spectral shift of the reflected interrogation signal. For a piezoresistive strain gauge, mechanical strain changes the resistance of the strain gauge that can be detected with high sensitivity using Wheatstone bridge circuits [5] .
These types of sensors, however, can only be interrogated via wired connection which limits the mobility of dynamic systems and also requires high maintenance costs.
Wireless strain sensing technology for SHM has received considerable research and development interests in recent years [6] , [7] . This technology offers unique capabilities such as system mobility and flexibility in sensor-structure integration. In addition to wireless sensor nodes that acquire the strain signals from conventional thin film strain gauges, the microstrip patch antenna sensor has been demonstrated as a promising wireless sensor for strain sensing [8] . One unique advantage of the patch antenna strain sensor is that it can operate in passive mode, i.e. without the need for an on-board power source [9] , [10] . For wireless interrogation of the antenna sensor, an interrogation signal is broadcasted to the antenna sensor. After encoding the sensing information in the interrogation signal, the antenna sensor backscatters the modulated signal so that the wireless interrogator can retrieve the sensing information from the backscattered interrogation signal. Therefore, the wireless interrogator, which is responsible for generating the interrogation signal as well as receiving and processing the backscattered signal, is a central component for a patch antenna wireless sensing system. The signals received by the wireless interrogator usually consist of both the signal backscattered by the antenna sensor, i.e. the antenna backscattering and the background clutter, which creates the "self-jamming" problem [11] . A major challenge for the wireless interrogator is therefore to isolate the antenna backscattering from the background clutter. Several wireless interrogation techniques that address the self-jamming problem have been developed including a widely used approach of "time gate interrogation" [9] , [12] - [15] , in which the reflected signal is time-gated to select the part of the signal that is concurrent with the antenna backscattering. The antenna resonant frequency, which is a function of the antenna dimension, can then be determined from the Inverse Discrete Fourier Transform (IDFT) of the time-gated signal. However, the IDFT processing requires a high sampling rate in order to obtain a fine frequency resolution. For a microstrip antenna sensor operating in the gigahertz frequency range, the frequency resolution obtained using the time-gating and IDFT approach was around 20-30 MHz [9] , which is not sufficient for strain measurements. Another approach to address the self-jamming problem is to modulate the antenna backscattered signal. Xu and Huang [10] presented an amplitude modulation scheme using periodic impedance switching to modulate the amplitude of antenna backscattering. A down conversion mixer was used at the wireless interrogator to demodulate the amplitude modulated (AM) antenna sensing signal. The antenna resonant frequency was determined from the signal spectrum by stepping the interrogation frequency, which achieved much higher frequency resolution than the time-gating technique [10] . Wireless interrogation system that uses the radio-frequency identification (RFID) technology has also been published [16] . An RFID chip is integrated into the antenna sensor circuitry and the antenna resonant efficiency is measured from the time it takes to charge the RFID energy harvesting chip. Both approaches described, i.e. the frequency-stepping amplitude modulation scheme and the RFID-based interrogation, are suitable only for static sensing due to their inherently very low interrogation speed. For vibratory strain sensing, a high-speed (near real-time) wireless interrogation scheme is needed.
In this study, we exploit the FMCW radar principle [17] - [19] for dynamic wireless interrogation of the antenna sensor. One of the most common FMCW signals, i.e. the periodic linear chirp, is used as the interrogation signal. By sweeping the interrogation frequency continuously with time, we can determine the antenna resonant frequency from the varying amplitude of the antenna backscattering since it is frequency dependent [9] , [10] and thus varies continuously with the interrogation frequency. This paper presents the development of an FMCW-based wireless interrogator with an interrogation rate up to 320 Hz and its demonstration for dynamic vibration measurements.
II. PRINCIPLE OF OPERATION
The wireless vibratory strain sensing system can be separated into two sub-systems, namely a passive strainsensor node and a dynamic wireless interrogator, as shown in Figure 1 . The sensor node consists of a microstrip patch antenna and an amplitude modulator powered by a light-power energy harvester. The microstrip patch antenna functions as both a strain sensor and a wireless communication antenna. Mechanical tensile strain changes the dimensions of the antenna-sensor, which in turn changes the antenna's resonant frequency [8] . Thus, the strain experienced by the patch antenna can be measured from the resonant frequency shift of the antenna-sensor. To avoid the self-jamming problem, an amplitude modulator is introduced to periodically switch the load of the patch antenna sensor between a high impedance (open-circuit) and a matching load. When the antenna sensor has a high impedance load, most of the signal received by the antenna sensor is reflected back. On the other hand, the received signal is absorbed when the antenna sensor is connected to a matching load. As a result, switching the antenna load between these two states effectively generates an amplitude modulation of the antenna backscattering. The amplitude of this modulation is dependent of the interrogation frequency and the antenna resonant frequency; it is the largest when the interrogation frequency matches the antenna resonant frequency and it decreases as the difference between these two frequencies increases. In other words, the envelope of the antenna backscattering is encoded with the resonant frequency information of the antenna sensor. The amplitude modulator can be implemented with ultra-low power components and thus can be powered by a solar cell that harvests energy from light to achieve a passive wireless antenna sensor node.
The dynamic wireless interrogator consists of an FMCW synthesizer that generates the interrogation signal, an interrogation antenna that sends the interrogation signal and receives the backscattered signal, a demodulator that processes the backscattered signal, and a data acquisition (DAQ) system for data acquisition and digital signal processing (DSP). The signals transmitted and received via the interrogation antenna are separated using an RF circulator. In order to achieve dynamic data processing and acquisition, as required for vibration sensing, a combined FMCW signal and envelope detection technique is employed; the FMCW interrogation signal is generated using an FMCW synthesizer and envelope detection of the amplitude modulated antenna backscattering is implemented in the demodulation unit. After acquiring the envelope of the amplitude modulated signal using a DAQ device, a DSP algorithm is applied to track the time-varying amplitude of the acquired signal. By correlating the envelope amplitude to the corresponding interrogation frequency of the synthesizer for each FMCW period, the antenna resonant frequency shift can be determined, from which the strain variation can be calculated.
III. HARDWARE IMPLEMENTATION
A. Passive Strain-Sensor Node
The circuit diagram of the passive strain-sensor node that includes the patch antenna sensor and a light-powered amplitude modulator is shown in Figure 2 . An impedance switch was implemented using a pseudomorphic High Electron Mobility Transistor (pHEMT). The gate of the pHEMT is connected to the oscillator with an oscillating frequency f m = 32.78 kHz. When the gate voltage V C is high, the switch is turned "ON" and the patch antenna is connected to the matching load (e.g. a 50 resistor). At this state, most of the interrogation signal received by the patch antenna is absorbed by the matching load. As a result, almost no RF signal is backscattered by the antenna-sensor node. When the gate voltage is low, the switch is "OFF" and the path between the patch antenna and the matching load is cut off. As such, the patch antenna is effectively terminated with an open circuit (high impedance) and most of the received interrogation-signal is reflected back. The periodic switching of the pHEMT therefore results in an amplitude modulated antenna backscattering.
A microstrip patch antenna with a resonant frequency of 5.4 GHz was designed for this study. RT/duroid® 5880 Laminate was selected as the substrate material because of its low dissipation factor. The physical length and width of the rectangular antenna are 18.6 mm and 21 mm, respectively. The theoretical relationship between the antenna resonant frequency shift f res / f res and the applied strain ε L can be expressed as
The constant C is determined by the substrate material properties as well as the substrate height and the radiation patch width. The hardware implementation of the passive strain-sensor node is shown in Figure 3 . The patch antenna sensor was fabricated on the dielectric substrate using a chemical etching technique and bonded on an aluminum specimen with super glue. A microstrip transmission line for impedance matching was implemented to connect the antenna patch to the pHEMT, which was soldered to the microstrip transmission lines. A 50 terminator was connected to the source terminal of the pHEMT through a SMA connector and a microstrip transmission line. The gate terminal of the pHEMT was connected to the output of the oscillator that was powered by a small solar cell. Both the oscillator and the solar cell were soldered on a printed circuit prototype board placed at a location close to the antenna sensor.
To validate the amplitude modulation circuit, a 5.45 GHz signal was broadcasted to the sensor node though an interrogation horn antenna. The matching load was replaced by an oscilloscope with a 50 coupling. As such, the oscilloscope measurement is the reciprocal of the antenna backscattering. Figure 4 (a) shows the measured waveform of the gate control voltage V C (i.e. the oscillator output) while the associated RF signal V L measured by the oscilloscope is shown in Figure 4 (b). It is evident that the signal acquired by the oscilloscope is amplitude modulated in response to the control gate voltage V C , even though the pHEMT switch was not completely cut-off at the "OFF" state. Assuming the received power is completely absorbed by the matching load, we can calculate the insertion losses of the antenna sensor at the two switching states based on the signal shown in Figure 4 (b). The power received by the patch antenna P r was calculated to be 0.149 mW using Friis equation, i.e.
where the transmitted power P t is 20 dBm, the interrogation distance d is 90 cm, the wavelength λ is 55 mm, and the gains of interrogation antenna G t and antenna sensor G r are 12 dBi and 6 dBi, respectively. The signal shown in Figure 4 (b) has a peak amplitude of 0.1 V at the "ON" state and a peak amplitude of 0.07 V at the "OFF" state. Therefore, the power received by the 50 load is 0.1 mW at the "ON" state and is 0.05 mW at the "OFF" state. The insertion losses of the sensor node can thus be calculated to be −4.8 dB and −1.75 dB for the "ON" and "OFF" states, respectively. The power consumption of the entire sensor-node circuit was measured to be 0.63 mW and was provided by a 3.2 × 2.5 mm 2 solar cell illuminated by a 134 lm light-emitting-diode (LED). The illumination light was focused on the photocell using a magnifying lens. It was discovered that the modulation circuit is powered up when the focused spot is about the same size as the solar cell. Therefore, the illumination intensity can be estimated to be 134 lm/(0.0032m * 0.0025m) = 16,750,000 lux, which is around 170 times higher than that of the sunlight, assuming the intensity of the sunlight is 98,000 lux. Therefore, the sensor node can be powered by direct sunlight using a square solar cell with a length and width of 37.0 mm. As long as the interrogator is implemented with a light source, however, the sensor node can be interrogated at any time and location even though there is no direct sunlight.
B. Dynamic Wireless Interrogator 1) FMCW Synthesizer:
The block diagram and implementation of the FMCW synthesizer is shown in Figure 5 and 6, respectively. A periodic linear chirp is implemented by using a Voltage Control Oscillator (VCO) controlled by a "saw tooth" signal. As such, the instantaneous frequency of the chirp is swept through a frequency range continuously during each period of the "saw tooth" signal. The sweep rate and the frequency range of the chirp signal can be adjusted by changing the frequency and the amplitude of the "saw tooth" control signal. Since the resonant frequency of the sensor node circuit is 5.45 GHz, a frequency multiplier was used to double the frequency of the VCO output so that the interrogation signal frequency can be swept from 5.42 GHz to 5.47 GHz. The multiplier output is amplified by a microwave amplifier that has a gain of 30 dB to reach the desired amplitude of 25 dbm.
2) Demodulation Unit: The circuit diagram and the hardware implementation of the demodulation unit are shown in Figure 7 and Figure 8 , respectively. The demodulation unit was constructed by using two commercially available devices: a prototype board for an RF envelope detector chip and a band pass filter with a built-in amplifier.
The signals at three stages, i.e. as received by the interrogation antenna (signal A), at the output of the envelope detector (signal B), and at the output of the band pass filter (signal C), are illustrated in Figure 9 . Signal A contains both the antenna-sensor backscattering and the background clutter. The slight amplitude variation of this signal is contributed by the amplitude modulation of the antenna backscattering. Passing signal A through the envelope detector produces signal B, which represents the envelope of signal A. Since the amplitude modulation was achieved by switching the impedance of the antenna load, the resulting envelope is a square wave having the same frequency as the impedanceswitching frequency f m . Therefore, a narrow band pass filter centered at f m can be applied to remove the noise and to facilitate easy detection of the time-varying amplitude. As shown in Figure 9 , the output of the band pass filter, i.e. signal C, is a sinusoidal signal with continuously varying amplitude. Since signal C has a relatively low frequency, it can be directly acquired using a DAQ device for digital data processing.
The maximum interrogation distance depends on the detection sensitivity of the demodulation unit, the transmission losses between the interrogator and the sensor antennas, and the insertion losses of the antenna sensor at the two switching states. Since the backscattered signal was sent to the RF envelope detector without any amplification, the minimum amplitude that can be sensed by the envelope detector then becomes the sensitivity of the demodulation unit. For the envelope detector we used, the sensitivity was calibrated to be 100 μV, which means the amplitude change of the signal shown in Figure 9 (a) has to be larger than 100 μV to be detected. The peak amplitude of the backscattered signal can be expressed as
in which (m) represents the impedance switching state, i.e. "ON" or "OFF", and R is the input impedance of the envelope detection, which is 50 . P
(m)
B S is the power of the backscattered signal and can be calculated as
where P t is the transmitted power, L
insertion is the insertion loss of the sensor node calculated in section III.A, and L path is the transmission loss between the interrogator and sensor antennas, which can be derived from equation (2) as
In equation (4), the transmission path loss is doubled because of the round-trip transmission between the interrogator and sensor. Finally, the envelope amplitude of the backscattered signal can be calculated as
The relationship between the envelope amplitude V AM and the interrogation distance d can thus be calculated from equations (3)- (6) and is plotted in Figure 10 , using P t = 25 dBm and the parameters given in section III.A. The maximum interrogation distance is then estimated to be 2.87 m based on the envelope detector sensitivity of 100 μV. We can increase the interrogation distance by using a higher transmission power, a higher gain interrogation antenna or a better impedance switch at the sensor node. For example, the Federal Communications Commission (FCC) regulates that the maximum transmitted power is 30 dBm and the maximum antenna gain is 23 dBi. With these settings, the interrogation Figure 11 (a) and the signals corresponding to each block are shown sequentially in Figure 11(b) . Firstly, the acquired signal, i.e. signal C, is segmented into data arrays with each array corresponding to one FMCW period. A digital envelope detector is then applied to extract the time-varying amplitude of each array. These amplitude data are filtered using a second order Butterworth low pass filter with a cutoff frequency of 2 kHz to remove the high frequency noise. To account for the amplitude variations, the amplitude data are normalized with respect to the maximum value in each data array. The time scale can then be converted to the frequency scale based on the calibrated time-frequency relationship of the FMCW synthesizer so that the resonant frequency shift of the antenna sensor can be determined. The frequency shift of the normalized amplitude signals between two consecutive FMCW periods is determined from the frequencies of the amplitude signals at a selected reference value. Finally, the strain experienced by the antenna sensor is calculated from the measured frequency shift based on equation (1) .
The sampling rate of the dynamic interrogator is limited by several factors: the Q factor of the microstrip antenna, the sweeping rate of the FMCW synthesizer, the amplitude modulation frequency f m , and the DSP algorithm. The Q factor of the antenna sensor was measured to be around 100, which means it has a time delay constant of around 6 ns. Therefore, the sampling rate is limited to be less than 167 MHz in order to ensure that the resonance of the antenna sensor has subsided before starting the next interrogation cycle. On the other hand, the antenna resonant frequency was detected based on the time-varying amplitude of every FMCW period. As such, there should be multiple amplitude modulation cycles for each FMCW period. Our tests have shown that 10 amplitude modulation cycles in one FMCW period is sufficient for extracting the antenna resonant frequency. Since the modulation frequency f m is fixed at 32.78 kHz, the maximum sampling rate is therefore limited to be 3.2 kHz. When we increased the modulation frequency to 800 kHz, however, we were able to achieve a sampling rate of 78 kHz. In this case, the sampling rate is limited by the scan rate of the FMCW synthesizer. The above tests were conducted under the condition that a stable amplitude modulated signal, i.e. the signal shown in Figure 9 (c), is obtained by the oscilloscope. The antenna resonant frequency, however, was extracted from this signal using the DSP algorithm shown in Figure 11 . Compared to the other three factors mentioned above, the DSP algorithm takes a much longer time to execute since it is implemented using the built-in MATLAB program of the oscilloscope. For each array data, it took the algorithm 12.5 ms to process, which limits the sampling rate to 1/12.5 ms = 320 Hz. To increase the sampling rate, we could implement some of the functions described in Figure 11 , such as the envelope detection, using analog circuits or implement the DSP program in a real-time digital signal processor.
IV. MECHANICAL TESTS
The experimental setup for mechanical testing of the antenna-sensor is shown in Figure 12 . An Instron tensile machine was used to apply axial loads to the aluminum specimen. A horn antenna, which functions as the interrogation antenna, was set up to face the microstrip antenna-sensor. The distance between the interrogation horn antenna and the patch antenna-sensor was set as 90 cm because of the space limitation. The LED light source was placed next to the horn antenna to generate and focus the illuminated light on the photocell. A high-speed oscilloscope was used as the DAQ receiver where the sampling rate was set at 500 kHz and 1000 samples were collected in each data array within one FMCW period. Since the frequency sweeping range is 50 MHz, the frequency resolution of the DAQ system is therefore 50 × 10 6 /1000 = 50 kHz, resulting in a relative frequency resolution of 9.26 ppm for a 5.45 GHz patch antenna.
For validation and data comparison, the strains applied on the specimen were directly measured by a resistive foil strain gauge, which was attached on the back side of the aluminum beam. A ¼-bridge Wheatstone bridge was connected with the strain gauge to convert the mechanical strain ε into an electrical output V out . The strain ε was calculated from the output voltage of the Wheatstone bridge V out , the excitation voltage V ex , and the gauge factor of the strain gauge GF as
in which V ex = 10 V and GF = 2.13. Both static and dynamic tensile tests were performed to evaluate the performance of the wireless strain monitoring system. Static tensile tests were conducted to calibrate the sensitivity of the antenna sensor. Static axial loads, ranging from 500 lb to 3500 lb with an increment of 500 lb, were applied on the aluminum beam. Vibratory strain tests were carried out to evaluate the dynamic response of the strain sensing system. A sinusoidal tensile load, varying from a minimum of 500 lb to a maximum of 3500 lb, was applied to the specimen at different loading frequencies.
V. RESULTS AND DISCUSSIONS
A. Static Tensile Test for Sensor Calibration
The normalized envelopes of the demodulated signal at different static loads are shown in Figure 13 . It is evident that the antenna resonant frequency decreases as the load increases. To correlate the frequency shift to the applied strain, the normalized amplitude of 0.99 was selected as the reference amplitude. The frequency shifts at different loads were measured and normalized with respect to the resonant frequency of the antenna-sensor at zero loading. The actual tensile strains, which are applied on the specimen at different loads, are also calculated from the measured output of the bridge circuit using equation (7). The Comparison between the measured and theoretical relationship between the normalized antenna resonant frequency shifts and the applied strains. Fig. 15 .
Normalized differences between the calibrated antenna sensor readings and strain gauge measurements.
normalized frequency shifts are plotted versus the measured strain values in Figure 14 . For comparison, the theoretical relationship between the normalized frequency shifts and the applied strains, calculated from equation (1), is also plotted in Figure 14 . The experimental curve displayed a high degree of linearity (coefficient of determination R 2 = 0.9995), but the strain sensitivity of the normalized frequency shift, i.e. the slope of the measured strain-frequency shift relationship, is only −0.717, which is lower than the theoretical value of −0.945. This result is consistent with our previous observations [11] . Two factors could contribute to the lower sensitivity; first, the strain of the specimen may not be transferred to the antenna sensor due to the shear lag effect of the bonding material; secondly, the dielectric constant of the substrate material may decrease as the test sample is strained. If we use 0.717 for the strain sensitivity C and calculate the strains from the measured antenna resonant shifts, we found that the normalized measurement errors, i.e. the differences between the strains measured from the antenna sensor and the strain gauge, when normalized with respect to the strain gauge measurements, are within ±1%, as shown in Figure 15 . These small measurement errors indicate that we can achieve accurate strain measurements using the antenna sensor as long as the sensitivity of the antenna sensor is calibrated properly.
B. Dynamic Tensile Test
To evaluate the dynamic responses of the antenna sensor and the wireless interrogator, the specimen was tested at different vibratory frequencies ranging from 1 Hz to 8 Hz. The time-varying strains measured from the antenna sensor and the strain gauge, at the loading frequencies of 1 Hz and 8 Hz, are plotted in Figure 16(a) and 16(b) , respectively. For a vibratory frequency of 1 Hz, these two sets of measurement matched very well. However, there are observable discrepancies between the measurements when the load frequency was increased to 8 Hz. We suspect that the increased discrepancies at higher vibratory frequencies are due to the substrate material. Since the substrate material RT/duroid® 5880 is a Polytetrafluoroethylene (PTFE) composite reinforced with glass fibers, it may not have the same dynamic response as the metallic specimen. To test this hypothesis, a strain gauge was bonded on top of the substrate material so that the substrate strains, i.e. the strains measured from the strain gauge bonded on the substrate, can be compared with the specimen strains, i.e. the strains measured from the strain gauge bonded on the specimen. In Table I , the differences between the strains measured on the specimen and from the antenna sensor are given in the second column while the differences between the strains measured on the specimen and the substrate are given in the third column. Both sets of differences were normalized with respect to the maximum specimen strains. For both cases, the normalized differences increase with the vibratory frequency. Therefore, we can conclude that the observed discrepancy between the antenna sensor and strain gauge measurements at high vibratory frequencies are due to the non-ideal dynamic response of the substrate material. In the future, we will evaluate the dynamic responses of other substrate materials in order to identify a substrate material that is more suitable for high frequency dynamic strain measurements.
VI. CONCLUSION The design, implementation, and validation of a novel wireless vibratory strain sensing system are presented. A frequency resolution of 9.26 ppm and a sampling frequency of up to 320 Hz were achieved. The accuracy of the wireless strain measurement system was validated using in-situ strain gauge measurements. Static test results confirmed that the antenna resonant-frequency shift is a linear function of the strain it experienced while the normalized differences between the calibrated antenna sensor and strain gauge measurements are less than 1%. Real-time measurement of vibratory strains was demonstrated through dynamic tests. We discovered that the differences between the strains measured from the antenna sensor and the strain gauge bonded on the specimen increased with the vibratory frequency. The frequency dependent discrepancies were found to be contributed by the non-ideal dynamic response of the substrate material. In the future, a substrate material with fast dynamic response should be selected to achieve dynamic measurements at higher frequencies.
